Background: Cholecystectomy, central obesity, and insulin resistance (IR) are established risk factors for nonalcoholic fatty liver disease (NAFLD). We aimed to examine the relative contributions and combined association of cholecystectomy and central obesity/IR with NAFLD risk. Methods: We conducted a cross-sectional analysis of data from the third National Health and Nutrition Examination Survey (NHANES III), in which ultrasonography was performed. Odds ratios (ORs) and 95% confidence intervals for NAFLD were estimated using logistic regression. Results: Cholecystectomy associated with a higher prevalence of NAFLD compared with gallstones among both centrally obese and non-centrally-obese subjects. Gallstones associated with a higher prevalence of NAFLD only in the presence of central obesity. In centrally obese participants, the OR increased from 2.67 (2.15-3.32) for participants without gallstone disease to 6.73 (4.40-10.29) for participants with cholecystectomy. In participants with cholecystectomy, the OR increased from 2.57 (1.35-4.89) for participants without central obesity to 6.73 (4.40-10.29) for centrally obese counterparts. We observed a modest increase in the risk of NAFLD with cholecystectomy compared with a large increase in the risk with IR or metabolic syndrome. Conclusion: The magnitude of the NAFLD risk contributed by cholecystectomy was similar to central obesity in combined analyses. The magnitude of the association with IR or metabolic syndrome was greater than with cholecystectomy.
Background
Nonalcoholic fatty liver disease (NAFLD) forecasts an increased risk of cardiovascular disease (CVD) as well as premature mortality [1, 2] . Along with the burgeoning epidemics of obesity and metabolic syndrome, the worldwide prevalence of NAFLD is increasing rapidly, affecting between 15 and 40% of adults [3] [4] [5] . Recently, emerging evidence demonstrates that cholecystectomy is an independent risk factor for NAFLD [6] , indicating cholecystectomy as a novel risk factor for NAFLD. Cholecystectomy and NAFLD share a similar etiology such as central obesity and insulin resistance (IR) [7] . Data on the interrelationship between central adiposity or IR and cholecystectomy on the NAFLD risk is limited. Considering that central adiposity, IR, and cholecystectomy are established independent risk factors for NAFLD, more robust investigation is necessary to determine the comparative importance and joint relationship of these factors on NAFLD. Therefore, we aimed to investigate the combined relationship of central obesity or IR and cholecystectomy with NAFLD to understand whether there is a difference in NAFLD burden from cholecystectomy according to obesity and IR status, using data from the Third National Health and Nutrition Examination Survey (NHANES III), which is a nationwide cross-sectional study with a nationally representative sample of US population.
Methods

Study population
We used data from the NHANES III, a cross-sectional health examination survey conducted by the National Center for Health Statistics of the Centers for Disease Control and Prevention in the United States between the years 1988 and 1994. Full details of the survey have been described elsewhere [8] . Briefly, the survey followed a complex stratified, multistage probability cluster sampling design to ensure that the sample is nationally representative of the civilian, noninstitutionalized US population. Participants were interviewed at home for basic sociodemographic and health-related information. After the in-home interview, participants are invited to attend a mobile examination center, where they underwent a set of standardized physical examinations and laboratory measurements. All data were collected according to the standardized NHANES protocols. Each adult participant provided a written informed consent and the survey was approved by the National Center for Health Statistics ethics review board.
Among the 14,745 participants who attended an examination at a mobile examination center, we restricted our analyses to non-pregnant adults who completed the physical and gallbladder ultrasound examination. We excluded 4671 participants from this study, comprising 3341 participants with alcohol consumption in amounts > 3 drinks/ day for men (2212) or > 2 drinks/day for women (1219), 71 participants with serum hepatitis B surface antigen positivity, 390 participants with hepatitis C antibody positivity, 464 participants with iron overload (serum transferrin saturation > 50%), 814 participants with gallbladder lumen could not be adequately visualized on ultrasound, and 127 participants with ultrasound ungradable. As some individuals met more than one exclusion criteria, the remaining available 10,074 participants (4177 men and 5887 women) were included in our data analysis.
Anthropometric and biochemical measurements
Body mass index (BMI) was calculated as weight (in kilograms) divided by the square of height (in meters). Waist circumference (WC) was measured with a steel measuring tape just above the iliac crest to the nearest 1 mm. Blood pressure (BP) was measured using mercury sphygmomanometers. The last two readings were averaged.
Biochemical measurements
Participants were randomly assigned to morning (fast for at least 8 h prior to the examination), or afternoon/evening sessions (fast for 6 h before the examination). Persons without previously diagnosed diabetes were assigned to a morning session. Total cholesterol (TC), and HDL-cholesterol measurements were available for each examined person, regardless of fasting state, whereas triglycerides and insulin measurements were available only for persons examined in the morning session. Plasma glucose was measured by the modified hexokinase enzymatic assay (Cobas Mira Chemistry System; Roche Diagnostic Systems, Montclair, NJ). TC and triglycerides were measured enzymatically. HDLcholesterol was measured by the heparin manganese precipitation method. Serum insulin was measured by radioimmunoassay using a doubleantibody batch method (Pharmacia Insulin RIA kit; Pharmacia Diagnostics, Uppsala, Sweden).
Assessment of NAFLD
Ultrasound tests (Toshiba SSA-90A, Tustin, CA) were used for assessment of hepatic steatosis. Archived videotapes on gallbladder ultrasounds were reviewed between 2009 and 2010 to ascertain the presence of fat within the hepatic parenchyma. The diagnosis of fatty liver was based on the following five criteria [9] : the brightness of liver parenchymal, presence of liver to kidney contrast, presence of echogenic walls within the small intrahepatic vessels, presence of deep beam attenuation, and definition of gallbladder walls. NAFLD was initially categorized as a 4-level classification (none, mild, moderate, or severe) and then recoded as a 2-level classification (none to mild or moderate to severe), which was the classification used for the current analysis. For the twolevel hepatic steatosis categorization, the intrarater and interrater k statistics were 0.77 (95% confidence interval [CI] 0.73-0.82) and 0.70 (0.64-0.76), respectively.
Assessment of gallstone disease
Gallstone disease was defined as ultrasound-documented gallstones (the presence of echoes within the gallbladder and acoustic shadowing) or evidence of a cholecystectomy (the presence of a right upper quadrant or epigastric scar and together with the absence of a gallbladder) using the standard criteria [10] . For the diagnosis of gallbladder disease, the ultrasonographer and reviewing radiologist k statistics were 0.97.
Assessment of insulin resistance
Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated by the formula: HOMA-IR = fasting insulin (micro-international units per milliliter) × fasting glucose (millimoles per liter)/22.5. Quartiles of the HOMA-IR were calculated in persons with fasting glucose < 7.0 mmol/l. IR was defined as having HOMA-IR in the upper quartile of the HOMA index.
Definition of metabolic syndrome
The metabolic syndrome (MetS) was defined according to the consensus criteria in 2009 [11] . Persons with MetS are those with the presence of three or more of the following criteria: central obesity, WC ≥ 102 cm in men and ≥ 88 cm in women; Triglycerides ≥1.7 mmol/l or on lipid-lowering drug treatment in a patient with a history of dyslipidemia; HDL-cholesterol < 1.0 mmol/l in men and < 1.3 mmol/l in women; Systolic/diastolic BP ≥ 130/85 mmHg or use of antihypertensive drug treatment in a patient with a history of hypertension; or fasting glucose ≥5.6 mmol/l.
Statistical analysis
Complex survey procedures in SAS 9.2 (SAS Institute, Inc., Cary, NC) were performed for all analyses. Sample weights were incorporated to produce nationally representative estimates. Since BMI is a poor indicator of body fat distribution [12] , we adopt WC to define central obesity according to International Diabetes Federation criteria [11] . Based on cross-classification of the WC and gallstone disease status, participants were categorized into 6 mutually exclusive groups (no gallstone disease with or without central obesity, gallstones with or without central obesity, cholecystectomy with or without central obesity). Triglycerides, insulin and HOMA-IR were log-transformed (natural logarithm) to approximate normal distributions. Continuous variables were expressed as means and standard errors (SE). Categorical variables were expressed as percentages. ANOVA was applied to compare differences in means across groups. A Chi-square test was performed to assess differences of proportions across groups. Bonferroni correction was applied to adjust P values for multiple comparisons. Odds ratios (ORs) for NAFLD in each group were determined using logistic regression analysis, and the group without gallstone disease and central obesity was used as the reference. A logistic regression model was used to examine the joint associations of gallstone disease and central obesity status with NAFLD risk to determine whether the associations of gallstone disease with NAFLD differed based on the presence of central obesity, MetS, or IR. Significance was accepted at a two-tailed P < 0.05.
Results
The clinical characteristics of the study population classified according to WC and gallstone disease status were shown in Table 1 . Centrally obese subjects with cholecystectomy were older, more likely to be women, and had higher levels of BMI, WC, systolic/diastolic BP, plasma glucose, TC, triglycerides, insulin, and HOMA-IR, and lower levels of HDL-cholesterol than non-centrally-obese subjects without gallstone disease. Centrally obese subjects with cholecystectomy was older age, less educated, more likely to be women, had higher levels of BMI, insulin, and HOMA-IR compared with centrally obese subjects without gallstone disease. There was no difference in almost all the CVD risk factors between subjects with gallstones and subjects with cholecystectomy, irrespective of whether individuals were centrally obese. Among subjects with cholecystectomy, centrally obese subjects were less likely to be educated, had higher levels of BMI, WC, systolic/diastolic BP, plasma glucose, TC, triglycerides, insulin, and HOMA-IR compared with non-centrally-obese subjects.
The prevalence of NAFLD showed an increasing trend from the group with neither central obesity nor cholecystectomy to the group with both central obesity and cholecystectomy (Fig. 1a) . Cholecystectomy associated with a higher prevalence of NAFLD compared with gallstones among both centrally obese and non-centrally-obese subjects. Gallstones associated with a higher prevalence of NAFLD only in the presence of central obesity.
Centrally obese participants had an increased risk of NAFLD with a multivariate OR of 2.53 (2.02-3.17) ( Table 2 ). Further adjustment for gallstone disease status did not change the association (Table 2 ). In multivariate-adjusted analyses, gallstones were not independently related to NAFLD (Table 3) . Participants with a cholecystectomy had an increased risk of NAFLD with a multivariate OR of 2.61 (1.89-3.61). Further adjustment for WC did not appreciably change the strength of the association. There was no significant overall effect modification of cholecystectomy by WC when the interaction term WC*gallstone disease status was analyzed (P = 0.33).
Participants with both central obesity and cholecystectomy had a greater risk of NAFLD than the sum of their individual risks (Fig. 1b) . In the multivariate-adjusted model, cholecystectomy had an effect on the risk of NAFLD similar to central obesity. For example, in centrally obese participants, the OR increased from 2.67 (2.15-3.32) for participants without gallstone disease to 6.73 (4.40-10.29) for participants with cholecystectomy. In participants with cholecystectomy, the OR increased from 2.57 (1.35-4.89) for participants without central obesity to 6.73 (4.40-10.29) for centrally obese counterparts. We also found that cholecystectomy had an effect on the risk of NAFLD similar to central obesity assessed by WC/hip circumference (HC). For example, participants with only WC/HC defined centrally obese participants were at 1.94 -fold risk for NAFLD, and participants with only cholecystectomy were at 2.31-fold risk of NAFLD (Additional file 1: Figure S1 ).
Since triglycerides and insulin measurements were available only for persons without known diabetes who examined in the morning session. A secondary analysis was conducted among 5521 participants who fasted for 9-24 h. Participants were then categorized according to IR and gallstone disease status and again according to MetS and gallstone disease status. Cholecystectomy and IR or MetS had synergetic effects on the risk of NAFLD. Both IR and MetS tended to have a greater influence on NAFLD risk than cholecystectomy in these analyses (Fig. 2) .
After adjusting for age, sex, race ethnicity, smoking and drinking status, education level, total cholesterol, HOMA-IR, waist circumference, hemoglobin A1c, diabetes duration, and anti-diabetic drugs, cholecystectomy associated with a higher prevalence of NAFLD compared with gallstones among both diabetic and non-diabetic subjects. Gallstones associated with a higher prevalence of NAFLD only in the presence diabetes (Fig. 3 ).
Discussion
Consistent with previous studies, we found that WC, IR, MetS, and cholecystectomy independently contributed to the risk of NAFLD [6, 13] . This study further revealed that the magnitude of the risk contributed by central obesity was similar to that by cholecystectomy. We also observed that the magnitude of the association with IR or MetS was greater than with cholecystectomy in combined analyses. This study also revealed gallstones were a risk factor for NAFLD only in the presence of central obesity, IR or MetS. In this study, comparative and joint analyses broaden our understanding of risk factors' relative influence on NAFLD.
In the present study, those with gallstones but without central obesity, IR or MetS did not have increased risk of NAFLD. However, cholecystectomy was associated with increased risk of NAFLD, regardless of central obesity, IR or MetS status, supporting the notion that cholecystectomy may itself represent a risk factor for NAFLD [6] . Our findings suggested that the effects of gallstones on NAFLD were mediated primarily by the presence of central obesity, IR or MetS. These results Non-Hispanic black 6.1 ± 0.9 3.0 ± 1. are consistent with previous reports in which gallstones were unrelated to NAFLD after correction for central obesity or metabolic risk factors [6, 14] . It is not unexpected that different relationships were observed between NAFLD and gallstones and cholecystectomy, as the latter measures different aspects of hepatic lipid metabolism and biliary lipid secretion, and represents the loss of the metabolic functions in the absence of a gallbladder [15, 16] . Ablation of the gallbladder eliminates the formation of cholesterol solid-plate crystals, which form in the gallbladder and is not able to be absorbed by the intestine [17] . Therefore, cholecystectomy can increase the proportion of cholesterol that is reabsorbed and delivered to the liver, facilitating an increase in hepatic triglycerides concentration. The gallbladder is critical to regulating the daily cycling of bile acids (BAs) within the enterohepatic circulation. The rhythm and intensity of BAs secretion from a healthy functional gallbladder are in synchrony with food intake. Cholecystectomy may alter the rhythm of BAs flux and its receptor activation, although the basal BAs output is higher than normal, the release of BAs is not enough to balance the sharp fluctuation of lipid and glucose levels after food intake [18] . Following the removal of the gallbladder, BAs are continuously secreted into the small intestine, and the BAs pool circulates faster, inducing increased cycling of the BA pool and thus expose the liver to a greater flux of BAs and the occurrence of metabolic derangements. Emerging evidence suggested that in addition to their well-established roles in absorption of dietary lipids, BAs are also signaling molecules that act as ligands of the nuclear receptor farnesoid X receptor and the G-protein-coupled BA receptor TGR5, which modulate complex enterohepatic and systemic lipid and glucose metabolism [19, 20] . Moreover, ablation of the gallbladder could remove the protective metabolic activity of the gallbladder mucosa, which can secret fibroblast growth factor 19 that has a role in the negative feedback regulation of BA synthesis and can inhibit hepatic fatty acid synthesis [21, 22] . The loss of this metabolic activity and changes in following Fig. 1 Combined effect of gallstone disease and central obesity on the risk of non-alcoholic fatty liver disease (NAFLD). Age-and sex-standardized prevalence of NAFLD by central obesity and gallstone disease status (a). Combined effect of gallstone disease and central obesity on the odds of NAFLD (b). Cholecystectomy associated with a higher prevalence of NAFLD compared with gallstones among both centrally obese and non-centralobese subjects. Gallstones associated with a higher prevalence of NAFLD only in the presence of central obesity. Odds ratios (95% confidence intervals) of NAFLD for participants categorized by cross-classification of central obesity and gallstone disease status were adjusted for age, sex, race ethnicity, smoking and drinking status, education level, systolic blood pressure, hemoglobin A1c, total cholesterol, and HDL-cholesterol Adjusted for aforementioned covariates and gallstone disease status cholecystectomy renders patients prone to an increased NAFLD risk.
One study using the same data have reported that the odds of NAFLD did not differ based on time since cholecystectomy [6] . There are two longitudinal studies assessed the risk of liver steatosis after cholecystectomy [23, 24] . One study reported that hepatic steatosis developed 3 months after cholecystectomy [23] . Another study noted that hepatic fat content was significantly increased 24 months after cholecystectomy [24] . Hence, changes in lipid metabolism and bile acids secretion after cholecystectomy can affect the structure of the liver. However, the exact time it takes to develop NAFLD remains to be determined.
Data on the relative influence of central obesity and cholecystectomy on NAFLD risk are sparse. The present study indicated that the increased NAFLD risk was similar between non-central-obese individuals with cholecystectomy and centrally obese individuals without cholecystectomy, suggesting that the clinical evaluation of cholecystectomy play similar important role to the diagnosis of central obesity in NAFLD risk stratification. Our data also showed additive effects of cholecystectomy above central obesity for NAFLD risk. Although there are many theories, the mechanism by which central obesity affects cholecystectomy remains poorly understood. One possible explanation may be that WC and cholecystectomy are 2 independent variables, they interact with each other and contribute to some different pathogenesis leading to NAFLD. This is suggested by the no attenuation of the effects of cholecystectomy on NAFLD risk by adjusting for WC in our analyses. Since adipose tissue lipolysis supplies the majority of free fatty acids that subsequently are esterified to form hepatic triglycerides [25] , obesity has been well recognized for its Adjusted for aforementioned covariates and waist circumference Fig. 2 Combined effect of gallstone disease and metabolic syndrome (MetS) or combined effect of gallstone disease and insulin resistance on the risk of non-alcoholic fatty liver disease (NAFLD). Combined effect of gallstone disease and MetS on the odds of NAFLD (a). Combined effect of gallstone disease and insulin resistance on the odds of NAFLD (b). Odds ratios (95% confidence intervals) of NAFLD were adjusted for age, sex, race ethnicity, smoking and drinking status, education level, hemoglobin A1c, and total cholesterol strong association with fat accumulation in the liver [26] . Increased cycling of the BA pool after cholecystectomy could favor even a greater increase of body cholesterol synthesis and hypersecretion of biliary cholesterol observed in obesity, increasing the exposure of the liver to a higher flux of triglycerides and thus exacerbating hepatic steatosis. Therefore, cholecystectomy can exaggerate the adverse effects of central obesity on NAFLD risk. Since symptoms are believed to be uncommon and transitory after removal of gallbladder, cholecystectomy has become one of the most frequently performed surgical procedures for treatment for gallstone disease. We observed that the magnitude of the association with NAFLD risk was similar for WC and cholecystectomy. Hence, cholecystectomy may not be innocuous.
The present study indicated that cholecystectomy had relatively small effects on NAFLD risk than IR or MetS. Alterations in gut microbiota have been linked to host insulin resistance, and diabetes [27, 28] . Emerging evidence reported that altered composition of gut microbiota was noted in patients who underwent cholecystectomy; the community diversity of intestinal microbiota in cholecystectomized patients was decreased and Bacteroidetes were increased compared with healthy population [29, 30] . A human study found that low richness of gut microbiome plays a role in insulin resistance [28] . Taken together, alterations in gut microbiota after cholecystectomy may contribute to the involvement of insulin resistance and metabolic abnormalities. Moreover, due to the cross-sectional nature of the data, any temporal effect of cholecystectomy versus IR or MetS on risk of NAFLD could not be determined.
According to guideline, people with asymptomatic gallbladder stones found in a normal gallbladder and normal biliary tree do not need treatment unless they develop symptoms. Symptomatic gallbladder stones whether symptomatic or asymptomatic should be offered cholecystectomy [31] . Hence, for patients with gallstones together with other risk factors such as obesity, hyperlipidemia, insulin resistance, and T2DM, which are predisposed to confer an increased NAFLD risk, comprehensive treatment including lifestyle interventions, BP, and glucose control should be take into consideration to keep body weight, BP and glucose in optimal levels and thus to avoid the occurrence of a symptomatic gallbladder.
Limitations of our study include the use of ultrasound to detect NAFLD. Although ultrasonography is a reasonably accurate technique for detecting modest amounts of liver fat (> 30% liver fat infiltration), participants with minor amounts of fatty infiltration might not have been captured. Furthermore, lack of information on residual confounding variables such as body fat percent prevented us from being able to assess these variables as potential confounders; however, major confounding factors have been controlled for in our multivariate models. These limitations are balanced by the benefits of using a nationally representative sample of US adults, particularly the ability to generalize the results to a national population. On the other hand, this study is the first human study to compare the importance of cholecystectomy and obesity on NAFLD risk.
Conclusions
The present study demonstrates that central obesity, IR, MetS, and cholecystectomy play important roles in NAFLD. The magnitude of the association of NAFLD with cholecystectomy was similar to that with central obesity. The magnitude of the association with NAFLD risk was much greater for IR or MetS than for cholecystectomy. By understanding of the relative and combined influence of cholecystectomy and central obesity/IR on NAFLD, we may improve our ability to risk stratify patients and in turn may reduce the NAFLD incidence. Fig. 3 Combined effect of gallstone disease and diabetes on the risk of non-alcoholic fatty liver disease (NAFLD). Odds ratios (95% confidence intervals) of NAFLD were adjusted for age, sex, race ethnicity, smoking and drinking status, education level, total cholesterol, HOMA-IR, waist circumference, hemoglobin A1c, diabetes duration, and anti-diabetic drugs
